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I n  t roduc  t i o n  

Coal char  samples t h a t  are used f o r  gas-carbon r e a c t i o n  s t u d i e s  
can  p o s s e s s  a wide range  of  p o r o s i t i e s  depending upon p r e p a r a t i o n  tech-  
n iques .  I n  g e n e r a l ,  t h e  c h a r  may be  c l a s s i f i e d  as non-porous, s l i g h t l y  
porous,  or h i g h l y  porous .  The t o t a l  p a r t i c l e  r e a c t i o n  r a t e  i s  a summa- 
t i o n  of t h e  i n t r a - p a r t i c l e  r e a c t i o n  r a t e  and t h e  e x t e r n a l  s u r f a c e  reac-  
t i o n  r a t e  and i s  dependent  upon t h e  t y p e  o f  c h a r  under  i n v e s t i g a t i o n ,  
v i z .  

I 
1 

rmeas = (nAint + Aext)rtrue (1) 

where rmeas i s  t h e  measured t o t a l  p a r t i c l e  r e a c t i o n  ra te ,  rtrue i s  t h e  
t r u e  r e a c t i o n  r a t e ,  Aint and Aext a r e  t h e  i n t e r n a l  and e x t e r n a l  s u r f a c e  
a r e a s ,  r e s p e c t i v e l y ,  and q i s  t h e  e f f e c t i v e n e s s  f a c t o r ,  

F u r t h e r  e l a b o r a t i o n s  on t h e  t o t a l  p a r t i c l e  r e a c t i o n  r a t e  a r i s e  
i n  gas-carbon r e a c t i o n s  when r e a c t i o n  a t  s p e c i f i c  s i tes  w a r r a n t s  t h e  
i n c l u s i o n  of an i n t e r n a l  and e x t e r n a l  a c t i v e  s i t e  d e n s i t y ,  C t ,  and when 
rtrue a p p l i e s  t o  a complex r e a c t i o n  p a t h  such  as g a s i f i c a t i o n ,  v i z .  
char-C02 g a s i f i c a t i o n ,  

kl(CO2) 
= ( , , ~ i n t C ~ i n t  + AextC t e x t )  ( 2 )  

k l  k- 1 1 + -(C02) + --(CO) 
k3  k 3  

h e a s  

I t  i s  o f t e n  d i f f i c u l t  t o  de te rmine  when t h e  e f f e c t i v e n e s s  f a c t o r  i s  
approximate ly  u n i t y  f o r  complex r e a c t i o n  p a t h s ,  consequent ly  r a t e  ex- 

' p r e s s i o n s  s impler  than  e q u a t i o n  ( 2 )  a r e  o f t e n  used .  For  example, J a l a n  
and Raol assumed a f i r s t  o r d e r  r e a c t i o n  ra te  w i t h  r e s p e c t  t o  C 0 2  d u r i n g  
char-C02 g a s i f i c a t i o n .  Also n o t e  t h a t  i n  t h e  c a s e  of e q u a t i o n  ( 2 )  o n l y  
"apparent"  a c t i v a t i o n  e n e r g i e s  can  b e  o b t a i n e d  from Arrhenius  p l o t s  of 
rmeas v s .  1 / T  s i n c e  k l ,  k-1, and k3  811 depend on T ,  and even t h i s  ap- 
proach i s  i n v a l i d  i f  t h e  s u r f a c e  a r e a s  and s i t e  d e n s i t i e s  a r e  n o t  con- 
s t a n t  w i t h  r e s p e c t  t o  tempera ture  and t h e  t i m e  d u r a t i o n  of  t h e  e x p e r i -  
ment. 
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When a s o l i d  c a t a l y s t  i s  i n t r o d u c e d  o n t o  c h a r ,  t h e  c a t a l y s t  
c o n t a c t i n g  w i t h  c h a r  must be  c o n s i d e r e d  s i n c e  i t  may be ( a )  l i m i t e d  t o  a 
small p o r t i o n  of  t h e  e x t e r n a l  c h a r  s u r f a c e  a r e a ,  ( b )  c o n t a c t e d  w i t h  t h e  
e n t i r e  e x t e r n a l  c h a r  s u r f a c e  area, b u t  excluded from i n t e r n a l  p o r e s ,  o r  
( c )  c o n t a c t e d  w i t h  t h e  e n t i r e  e x t e r n a l  and i n t e r n a l  c h a r  s u r f a c e  a r e a s .  
The consequences of c a t a l y s t  c o n t a c t i n g  on measured r e a c t i o n  r a t e s  and 
measured a c t i v a t i o n  e n e r g i e s  need t o  b e  r e a l i z e d  when i n t e r p r e t i n g  ex- 
p e r i m e n t a l  d a t a  s i n c e  t h e s e  measurements o f t e n  a r e  t a k e n  as t h e  main 
b a s i s  f o r  s p e c u l a t i n g  on c a t a l y t i c  mechanisms. 2-4 

Ana 1 y s i s  

I t  h a s  been proposed t h a t  c e r t a i n  c a t a l y s t s  i n  gas-carbon 
r e a c t i o n s  a c t  o n l y  t o  i n c r e a s e  t h e  d e n s i t y  o f  a c t i v e  s i t e s  ( i . e .  Ct i n  
e q u a t i o n  (211.5 
m a r i z e s ,  f o r  s e v e r a l  i n i t i a l  r e a c t i o n  c o n d i t i o n s  and f o r  s e v e r a l  con- 
d i t i o n s  of  c a t a l y s t  c o n t a c t i n g ,  t h e  changes i n  measured r e a c t i o n  r a t e s  
and measured a c t i v a t i o n  e n e r g i e s  which o c c u r  when a s o l i d  c a t a l y s t  i s  
in t roduced  o n t o  c h a r .  As shown i n  Table  1, t h e  i n i t i a l  u n c a t a l y z e d  
r e a c t i o n  c o n d i t i o n s  may be  i n  t h e  regime of  k i n e t i c  c o n t r o l  ( n = l ) ,  
i n t r a - p a r t i c l e  d i f f u s i o n a l  c o n t r o l  ( ~ < l ) ,  o r  e x t e r n a l  d i f f u s i o n a l  con- 
t r o l  ( i . e .  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  i n  b u l k  and s u r f a c e  concen- 
t r a t i o n s  and f i l m  t h i c k n e s s ) .  When a s o l i d  c a t a l y s t  is i n t r o d u c e d ,  t h e  
c a t a l y z e d  r e a c t i o n  c o n d i t i o n s  depend on t h e  p o r o s i t y  of  t h e  c h a r  and the  
e x t e n t  of  c a t a l y s t  c o n t a c t i n g  ( i . e .  c a t a l y s t  p e n e t r a t e s  i n t e r n a l  p o r e s  
o r  c a t a l y s t  excluded from i n t e r n a l  p o r e s ) .  The i n t e r p l a y  between i n i t i a l  
unca ta lyzed  r e a c t i o n  c o n d i t i o n s  and e x t e n t  o f  c a t a l y s t  c o n t a c t i n g  d u r i n g  
c a t a l y t i c  g a s i f i c a t i o n  can  l e a d  t o  measured a c t i v a t i o n  e n e r g i e s  increas-  
i n g ,  d e c r e a s i n g ,  or remain ing  c o n s t a n t  w i t h  c a t a l y s t  a p p l i c a t i o n .  
i n t e r e s t i n g  c a s e  i s  where t h e  measured a c t i v a t i o n  energy  i n c r e a s e s  w i t h  
t h e  i n t r o d u c t i o n  of  a s o l i d  c a t a l y s t .  I n  such a c a s e  a s l i g h t l y  porous 
c h a r  has  a n  unca ta lyzed  t o t a l  p a r t i c l e  r e a c t i o n  rate i n i t i a l l y  made up 
o f  n e a r l y  e q u i v a l e n t  e x t e r n a l  and i n t e r n a l  ( d i f f u s i o n  c o n t r o l l e d )  re- 
a c t i o n  ra tes .  I n t r o d u c t i o n  o f  a c a t a l y s t ,  which i s  excluded from in- 
t e r n a l  p o r e s  b u t  which c o n t a c t s  t h e  e n t i r e  e x t e r n a l  s u r f a c e  a r e a ,  can  
l e a d  t o  t h e  e x t e r n a l  s u r f a c e  r e a c t i o n  ra te  overwhelming t h e  i n t r a -  
p a r t i c l e  r e a c t i o n  r a t e  and consequent ly  i n c r e a s i n g  t h e  measured a c t i v a -  
t i o n  energy .  

Assuming t h i s  t y p e  o f  c a t a l y s i s  p r e v a i l s ,  T a b l e  1 sum- 

An 

I n  reviews o f  c a t a l y z e d  gas-carbon r e a c t i o n s ,  i t  i s  o f t e n  
n o t e d  t h a t  t h e  measured a c t i v a t i o n  energy may d e c r e a s e  w i t h  i n t r o d u c t i o n  
o f  a c a t a l y s t  a s  t h e  system becomes d i f f u s i o n  c o n t r o l l e d . 6  
s i m i l a r  p h y s i c a l  r e a c t i o n  c o n s i d e r a t i o n s  a r e  u s u a l l y  n o t  g i v e n  t o  t h e  
case where t h e  measured a c t i v a t i o n  energy i n c r e a s e s  w i t h  i n t r o d u c t i o n  of 
a c a t a l y s t .  
crease, d e c r e a s e ,  and remain c o n s t a n t  f o r  c a t a l y z e d  gas-carbon r e a c t i o n s  
r e l a t i v e  t o  t h e  unca ta lyzed  r e a ~ t i o n s . ~ - 5 , ’  
t h a t  c a t a l y s t  c o n t a c t i n g  a l o n e  may e x p l a i n  t h e s e  d i f f e r e n c e s .  

However, 

Measured a c t i v a t i o n  e n e r g i e s  have been r e p o r t e d  t o  in-  

I t  i s  i n t e r e s t i n g  t o  n o t e  

R e s u l t s  Using Non-porous Char 

In a r e c e n t  s t u d y ,  Baker* p r e s e n t e d  r e s u l t s  on t h e  c a t a l y z e d  
char-CO2 s u r f a c e  exchange of  oxygen. Such a sys tem was o r i g i n a l l y  s t u d i e d  
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by Orning and S t e r l i n p . 9  The c h a r  t h a t  was used i n  t h i s  s t u d y  was non- 
porous thereby  e l i m i n a t i n g  t h e  need f o r  c o n s i d e r a t i o n s  o f  b o t h  i n t r a -  
p a r t i c l e  r e a c t i o n  r a t e s  and i n t e r n a l  c a t a l y s t  c o n t a c t i n g .  By employing 
a unique p u l s i n g  technique ,  t h e  ~ 0 2  molecules  could  be  fol lowed through 
a char-packed m i c r o d i f f e r e n t i a l  r e a c t o r  w i t h o u t  t h e  u s e  o f  r a d i o a c t i v e  
t r a c e r s  which were e x t e n s i v e l y  used i n  e a r l i e r  ~ t u d i e s . 9 - l ~  

p u l s e  r e s i d e n c e  t ime,  and r e a c t o r  tempera ture  and p r e s s u r e ,  p e r m i t t e d  
measurements of  t h e  char-CO2 oxygen exchange r e a c t i o n  f o r  u n c a t a l y z e d  

: c h a r ,  a s  w e l l  a s  c h a r  c a t a l y z e d  w i t h  a l k a l i  and a l k a l i n e  e a r t h  c a r b o n a t e s ,  
v i z .  

The e x p e r i -  
\?ental system i s  d e p i c t e d  i n  F i g u r e  1. P r o p e r  c h o i c e  of  p u l s e  s i z e ,  

\ w h e r e  Cf  is a f r e e  a c t i v e  exchange s i t e  which c a n  a c c e p t  oxygen from 
' ,gaseous  C02 and Co is a n  oxygen occupied a c t i v e  exchange s i t e .  The 

t o t a l  d e n s i t y  of  a c t i v e  exchange s i t e s  i s  g i v e n  by 

F i g u r e  2 p r e s e n t s  some o f  t h e  d a t a  from t h e  s t u d y .  
I d i s c u s s i o n  and a n a l y s i s  i s  provided  by Baker8 and by Baker and A t t a r . 1 3  
',By i n i t i a l l y  purging t h e  system w i t h  CO,  a l l  t h e  a c t i v e  s i t e s  were con- 

A d e t a i l e d  

v e r t e d  t o  f r e e  a c t i v e  s i t e s .  
s u r f a c e  o x i d e  formation i s  g i v e n  by 

Consequent ly ,  t h e  r e a c t i o n  r a t e  a t  low 

,\ 

rmeas = AextCteXt k l  (C02) 
7 

( 5 )  

which a l l o w s  d i r e c t  measurement of  k l ( T ) .  S i n c e  n e g l i g i b l e  g a s i f i c a t i o n  
!occurred ,  t h e  s u r f a c e  a r e a  and a c t i v e  s i t e  d e n s i t y ,  as  g i v e n  i n  e q u a t i o n  

remained c o n s t a n t  th roughout  t h e  exper iments .  

The d a t a  which a re  p l o t t e d  i n  F i g u r e  2 i n d i c a t e  t h e  p o s s i b i l -  
i ( 5 ) 9  

\ i t y  t h a t  t h e  a c t i v a t i o n  energy f o r  k l  a t  low s u r f a c e  oxide  format ion ,  
1214 kJ/mole,  i s  t h e  same € o r  c a t a l y z e d  and u n c a t a l y z e d  c h a r .  Mentser  

and Ergun determined a s imilar  v a l u e  of  222 kJ/mole f o r  u n c a t a l y z e d  
, carbon b l a c k . 1 4  A t  h i g h  s u r f a c e  o x i d e  format ion  t h e  back r e a c t i o n  
' cannot  b e  n e g l e c t e d ,  v i z .  
i 

k- 1 co + co - c02 + cf. 

' and t h i s  l e a d s  t o  c u r v a t u r e  i n  t h e  A r r h e n i u s  d a t a . a  The d i f f e r e n c e s  i n  
measured r e a c t i o n  ra tes  f o r ,  d i f f e r e n t  c a t a l y s t s  i s  a t t r i b u t e d  t o  d i f -  
f e r e n c e s  i n  t h e  d e n s i t y  of a c t i v e  s i t e s ,  C t e x t .  S u r f a c e  areas,  Aext ,  
were e s s e n t i a l l y  e q u i v a l e n t  f o r  a l l  samples .  

A t  p r e s e n t ,  t h e  d a t a  do n o t  a l l o w  d i s c r i m i n a t i o n  between t h e  
d e g r e e  o f  c a t a l y s t  c o n t a c t i n g  a t  t h e  c h a r  s u r f a c e  f o r  t h e  v a r i o u s  c a r -  
b o n a t e s  (ca lc ium,  sodium, and potass ium)  and t h e i r  i n t r i n s i c  c a p a b i l i t y  
to g e n e r a t e  a c t i v e  s i t e s  on t h e  c h a r  s u r f a c e .  
p o i n t  o u t  some s i m i l a r i t i e s  between c a t a l y z e d  and u n c a t a l y z e d  gas-char 
r e a c t i o n s  which a r e  n o t  accounted f o r  i n  many Of t h e  proposed c a t a l y t i c  
g a s i f i c a t i o n  mechanisms t h a t  a r e  based mainly on d i f f e r e n c e s  i n  measured 
"apparent"  a c t i v a t i o n  e n e r g i e s .  

a 

However, t h e  d a t a  do 

S t a t i s t i c a l l y  meaningful  d a t a  could  o n l y  be o b t a i n e d  a t  convers ions  
o f  >3% and t h e  back r e a c t i o n  became n o t i c e a b l e  a t  c o n v e r s i o n s  of  
IO%, t h u s  l i m i t i n g  t h e  convers ion  range  f o r  a c t i v a t i o n  energy  de- 
t e r m i n a t i o n s .  
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Conclusions 

S o l i d - s o l i d  c o n t a c t i n g  may a f f e c t  t h e  measured r e a c t i o n  r a t e  
and measured a c t i v a t i o n  energy  d u r i n g  c a t a l y z e d  gas-carbon r e a c t i o n s .  
The measured a c t i v a t i o n  energy may i n c r e a s e ,  d e c r e a s e ,  o r  remain con- 
s t a n t  w i t h  t h e  i n t r o d u c t i o n  of  a s o l i d  c a t a l y s t .  Data  f o r  a non-porous 
c h a r  i n d i c a t e d  an i d e n t i c a l  f i r s t  s t e p  i n  c a t a l y z e d  and unca ta lyzed  char  
g a s i f i c a t i o n .  
a p p a r e n t l y  a t  a c t i v e  s i t e  l o c a t i o n s .  The a c t i v a t i o n  energy f o r  t h i s  
r e a c t i o n ,  214 kJ/mole,  was s i m i l a r  f o r  c a t a l y z e d  and u n c a t a l y z e d  c h a r ,  
however, t h e  r e a c t i o n  r a t e s  d i f f e r e d  by o r d e r s  o f  magni tude.  
l y t i c  e f f e c t  f o r  t h e  a l k a l i  and a l k a l i n e  e a r t h  c a r b o n a t e s  w a s  a t t r i b u t e d  
t o  d i f f e r e n c e s  i n  t h e  d e n s i t y  o f  a c t i v e  s i t e s .  
c a t a l y z e d  ra tes  were due t o  d i f f e r e n t  d e g r e e s  o f  e x t e r n a l  c o n t a c t i n g  o r  
t o  t r u e  d i f f e r e n c e s  i n  c a t a l y t i c  p r o p e r t i e s  was n o t  r e s o l v e d  i n  t h i s  
s tudy  . 

That  i s ,  C02 exchanged oxygen w i t h  t h e  c h a r  s u r f a c e ,  
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